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Auditory Membrane Vibrations: Measurements at

Sub-Angstrom Levels by Optical Heterodyne Spectroscopy

Abstract. We describe an optical technique for measurement of mechanical
vibrations in the auditory organs of living animals. The technique uses light scat-
tered from the vibrating structure and offers several new advantages. Better than
1 angstrom sensitivity, 10 micrometers spatial resolution, and >70 decibels
dynamic range are achieved. Illustrative measurements of the mechanical response
of the tympanic membrane of crickets (Gryllidae) are reported.

The basis for frequency analysis of
complex sounds in the auditory nervous
system resides in the mechanical sensi-
tivity of the inner ear. Despite the

diversity of receptor organs in both.

vertebrate and invertebrate species, in-
dividual fibers in the auditory nerve
universally exhibit frequency selectiv-
ity. The basic question is: How do
mechanical events in the receptor
organ relate to neural tuning? We are
studying this question in crickets,
where some interesting controversies
prevail (7).

To facilitate measurements at the
level of submicroscopic movements
normally encountered in auditory or-
gans, we have developed a technique
based on heterodyne detection of scat-
tered laser light that overcomes the
limitations of earlier methods (2). Our
technique permits accurate measure-
ments of vibrational motion at sub-
angstrom amplitudes on surface areas
as small as 100 um2 No attachment
to the organ under study is required.
In vivo studies are readily accom-

Scoreboard for Reports: In the past few weeks
the editors have received an average of 68 Reports
per week and have accepted 12 (17 percent). We
plan to accept about 12 reports per week for the
next several weeks. In the selection of papers to
be published we must deal with several factors:
the number of good papers submitted, the number
of accepted papers that have not yet been pub-
lished, the balance of subjects, and length of in-
dividual papers.

Authors of Reports published in Science find
that their results receive good attention from an
interdisciplinary audience. Most contributors send
us excellent papers that meet high scientific stan-
dards. We seek to publish papers on a wide range
of subjects, but financial limitations restrict the
number of Reports published to about 15 per
week. Certain fields are overrepresented. In order
to achieve better balance of content, the accept-
ance rate of items dealing with physical science
will be greater than average.
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plished, since the technique compen-
sates for otherwise prohibitive move-
ments of the living animal.

The essential feature of our method
is optical heterodyne detection of the
phase modulation of light scattered by
the auditory organ as it vibrates at the
sound frequency o, (3, 4). This dic-
tates the design of our optical system
(Fig. 1a). In order to mix the scattered
light with a reference beam on a photo-
multiplier cathode for optical hetero-
dyne detection, we use an optical
geometry similar to a Michaelson
interferometer of small aperture. Co-
herent light from a helium-neon
(HeNe) laser is divided into a refer-
ence beam and a probe beam. The
probe beam is passed through an opti-
cal phase shifter and focused on the
vibrating organ. Light that is diffusely
backscattered from the organ is imaged
onto the photomultiplier, illuminating
approximately one coherence area (4).
The reference beam is reflected onto
the same area of the photomultiplier
cathode. Small electronically controlled
adjustments of the path length of the
probe beam are provided by the opti-
cal phase shifter.

Periodic phase modulation of the
scattered light is introduced by the vi-
brational motion of the organ. If the
electric fields of the reference beam
and scattered light mixed at the photo-
cathode are E e—io¢ and E e—i(w/t+9), re-
spectively, the photocurrent i will be
proportional to

]Er(’—‘w(‘z + Ese—i(wofﬂ#)‘Z
=E.*+ E 4 2E.Escos¢

where £, and E, are the amplitudes
of the two light beams. Here w, is the
optical angular frequency (~ 1015
rad/sec) and ¢ is the optical phase dif-
ference between the scattered light and
reference beam. Therefore, sinusoidal
vibrations of the scatterer with ampli-
tude ¢ and angular frequency o, yields

an optical heterodyne photocurrent
(5):
i=i.+ir+

2e(isiz)2cos[Q + (4ma/N)sinwst]

At small vibration amplitudes this sim-
plifies to

i ==is+ iv 4 2e(isir)2[cosQ —
(4ma/N)sinQsinwst 4
higher harmonics] )

(a < 400 A)

where i, and i, are the photocurrents
for the scattered light and reference
beams respectively, ¢ is an efficiency
factor (0 = ¢=1) which accounts for
coherence area effects and wave-front
mismatch of the beams (4), Q is the
optical phase difference between the
two beams at the photomultiplier when
a=0 (6), and X is the wavelength of
the light. Hence, the signal at o, gives
the vibrational amplitude of the scat-
terer.

In order to optimize Q and provide
an absolute calibration for the system,
we simultaneously modulate the optical
phase shifter at two frequencies, o,
and wg. This introduces several addi-
tional terms in the expression for the
photomultiplier current; one is propor-
tional to sinQ sine,?, and another is
proportional to cosQ sinw,? sinmﬂt (7).
The first serves as a continuous absolute
calibration signal that can be compared
with the signal detected at frequency
o,. The second controls a feedback sig-
nal to the phase shifter in order to lock
the mean phase at |sinQ|=1 and
thereby stabilize the system against
movement of the animal subject and
drift of the optical apparatus. These
provisions are of critical importance in
making measurements on living ani-
mals, since a change in the position of
the scatterer of only A/8 (~800 A)
can decrease the signal from a maxi-
mum (sinQ=1) to zero (sinQ=0).

The circuit used to sort out the vari-
ous signals (Fig. 1b) employs elec-
tronic phase sensitive lock-in detection
techniques (8). In our experiments the
outputs of the two lock-in detectors at
o, and o, are recorded on magnetic
tape in the frequency modulation mode
for subsequent signal averaging, analy-
sis, and calibration by digital computer.
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Measurement apparatus. (a) Optical system, drawn roughly to scale, except

that the beam splitter—photomultiplier distance is 75 cm. The focal length of the lens
is 3 ¢m, and the apertures are ~ 1 mm in diameter. The optical phase shifter is
based on a Lansing Research Corporation piezoelectric mirror mount. The entire
optical system is fastened to a vibration isolation table (Lansing Research Corpora-
tion). (b) Electronic system. The lock-in amplifiers are identified in (8). The optical
phase shifter is driven through a Kepco model OPS2000 operational power supply,
and the integrator consists of a Nexus FSK-8 operational amplifier.

On-line analysis is entirely feasible.
The feedback control relies on serial
detection by the two lock-in amplifiers
at v, and og to generate an r.ms. sig-
nal that is integrated and fed back to
the optical phase shifter.

Our studies of the mechanical re-
sponse of the auditory organ of living
crickets illustrate the features of our
system. (Details are in preparation.)
We measured the vibrational amplitude
of the posterior tympanic membrane
(about 0.3 X 0.8 mm and situated on
the foreleg) of restrained but not anes-
thetized crickets in response to tones of
various frequencies at constant sound
pressure levels in free-field configura-
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tion. Figure 2a shows a typical me-
chanical tuning curve taken on Gryllus
pennsylvanicus at 90 db SPL (sound
pressure level relative to 0.0002 dyne/
cm?). The peak at 5.5 khz corresponds
to a similar but sharper peak in the
tuning curve recorded from the whole
nerve (9). Comparable mechanical
tuning curves were measured by John-
stone et al., using the Mdssbauer effect
with a 0.3-ug y-ray source and a closed
sound field (10).

We have been able to measure for
the first time the linearity of the me-
chanical response of the tympanic
membrane over the entire range of
biological interest. Since our optical

Fig. 2. Mechanical response of the posterior tympanic membrane of G. pennsylvanicus
to tones at 90 db SPL (relative to 0.0002 dyne/cm®). (a) Frequency response near
the center of the membrane. (b) Peak displacement as a function of position on the

membrane.
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technique has a dynamic range > 70 db
and a sensitivity on the living cricket
of 0.1 A, we have been able to show
that the mechanical response of the
tympanic membrane is linear over vi-
bration amplitudes from 0.1 to 500 A
for frequencies from 2 to 20 khz. The
measurements extend from well below
the membrane displacement of 1 A at
neural thresholds to displacements
greater than would ever be encountered
in the detection of calls of Gryllidae
(9).

Because our optical technique re-
quires no attachment to the membrane,
we have also been able to measure the
mode structure of the membrane vibra-
tion at 5 and 18 khz by simply scan-
ning the membrane with the laser
beam. Figure 2b shows the peak dis-
placements at a number of positions
on the oval membrane. For both fre-
quencies, the vibrational phase relative
to the sound phase was constant over
the entire membrane. Therefore, the
membrane vibrates in a simple mode
at both 5 and 18 khz.

Returning to our measurement tech-
nique (11), we believe that it is suit-
able for investigation of the movement
of structures within the inner ear, such
as the basilar and tectorial membranes
in the cochlea (12), and for studies of
mechanical excitation of sensory hair
cells. It could also prove valuable for
use on nonbiological mechanical sys-
tems at the submicroscopic scale. The
instrumental sensitivity (0.05 A at 10
db signal-to-noise ratio and 3 seconds
averaging time), spatial resolution
(~10 um), dynamic range (~ 80 db),
and tolerance to background move-
ments (velocities up to ~1 um/sec)
(13) all seem adequate for these appli-
cations. Since nothing contacts the vi-
brating structure, the technique does
not perturb normal movement. Only
access for the laser beam seems likely
to offer a potential problem. Although
only conventional acoustic frequency-
response measurements are described
here, acoustic intermodulation and
nonlinear and transient responses are
readily determined by appropriate vari-
ations of our system.
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Woodruffia metabolica: An Exception to the Rule of Desmodexy

Abstract. Woodruffia metabolica (Protozoa, Ciliophora) has a compound fiber
on the left side of its ciliary rows composed of parallel, overlapping ribbons of
kinetosome-based microtubules. No similar structure is found connecting the
kinetosomes on the right side of the ciliary rows. This arrangement is in opposi-

tion to the rule of desmodexy.

In the ciliated protozoans, one finds
some of the most structurally complex
cells in existence. Much of this com-
plexity lies in the intricate arrangement
of fibrillar systems. Varieties and ar-
rangements of these seem endless but
a few common elements have been doc-
umented (/). One of these, the kineto-
desmos, has been known for more
than 35 years. As defined by Chatton
and Lwoff (2), the kinetodesmos is a
fiber which connects the kinetosomes
(basal bodies) of a ciliary row (kinety);
this fiber is always seen accompanying
the kinety on its right. It is conven-
tional to refer to the right of a row
as if the observer were inside the cell
looking outward, with the cell’s anterior
end uppermost. This constant position
of the kinetodesmos led Chatton and
Lwoff to propose this orientation as a
general feature of many ciliated proto-
zoa, and they termed this generalization
desmodexy (2). In the subsequent three
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decades, no exceptions to this generali-
zation were reported; thus, it became
known as the rule of desmodexy and
has been helpful to electron micros-
copists for orientation purposes.

The rule of desmodexy has received
little challenge in subsequent ultrastruc-
tural studies. In 1961 Dumont (3)
reported an unusual fibrillar arrange-
ment in the proboscis of Dileptus anser
which, he felt, violated the rule of
desmodexy. This apparent exception to
the rule cannot be considered valid for
two reasons: first, the Kkinetosomes
which give rise to the fiber in question
are part of the feeding apparatus (the
rule of desmodexy pertains only to body
kinetosomes); and, second, the fiber
stops short of entering a compound
fiber (4) and therefore does not con-
nect the kinetosomes in a row. A pos-
sible exception to the rule does exist
in the ciliate Colpoda cucullus (5).
Here, there is a fiber on the left side

of the kineties, but published micro-
graphs do not present a clear picture
of the extent of this fiber or whether
it connects the kinetosomes in a row.
To my knowledge, the arrangement of
the newly described fiber in Wood-
ruffia metabolica is the first fully dem-
onstrated valid exception to the rule
of desmodexy.

Organisms for the study (strain
WR1) were fixed for 1 hour in glu-
taraldehyde in phosphate buffer (2 per-
cent by volume) at pH 6.8, postfixed
in aqueous osmium tetroxide (2 per-
cent, weight to volume) for 90 minutes,
and embedded in an Araldite-Epon
mixture (6). Flat embedding was em-
ployed in order to achieve precise
specimen orientation. Thin sections
were cut with glass knives on a Porter-
Blum MT-2 ultramicrotome, stained
with uranyl acetate and lead citrate,
and examined with a Hitachi HU-11E
electron microscope operated at 75 kv.

Woodruffia metabolica is a large
ciliate, frequently measuring 400 pm
or more in length (Fig. 1A), flattened
ventrally and somewhat flattened dor-
sally. Viewed from the ventral aspect,
its shape varies from an elongate ovoid
to somewhat pear-like. The mouth
(buccal area) appears as a crescent-
shaped slit in the anterior third of the
ventral surface. The body has a uni-
form ciliation arranged in nearly me-
ridional rows originating at the border
of the buccal area from which they
course posteriad. They are visible in
Fig. 1A as dark stripes.

The cell surface shows a series of
longitudinal ridges with the cilia aris-
ing between them. Kinetosomes of
these cilia are always found in pairs;
sometimes both kinetosomes bear cilia
but often the anterior of the two kineto-
somes is barren.

Each kinetosome pair has many of
the established fibrillar and microtubu-
lar accessories. Figure 2 shows the
relationships between the kinetosomes
and the fibrillar structures. The orienta-
tion of the figure is with anterior to
the observer’s left and posterior to the
right. In Fig. 2, A to D, the views
are from inside the cell looking out-
ward and the kinety’s left is toward
the bottom of the figure; the series
shows kinetosome pairs cut at succes-
sive levels, with Fig. 2A the most
proximal (deepest in the cytoplasm).
Figure 2E shows the kinetosome pair
in oblique section and Fig. 2F in al-
most exactly longitudinal section; in
both the view is from the left. A
postciliary ribbon of microtubules is
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